The neurobiological mechanisms underlying social learning (ie, in which an animal's learning is influenced by another) are slowly being unraveled. Previous work with systemic treatments shows that dopamine (DA) D1-type receptors mediate social learning in the social transmission of food preferences (STFP) in mice. This study examines the involvement of one brain region underlying this effect. The ventral tegmental area has dopaminergic projections to many limbic structures, including the hippocampus-a site important for social learning in the STFP in rodents. In this study, adult male and female CD-1 mice received a dorsal hippocampal microinfusion of the D1-like receptor antagonist SCH23390 at 1, 2, 4, or 6 μg/μl 15 min before a 30 min social interaction with a same-sex conspecific, in which mice had the opportunity to learn a socially transmitted food preference. Results show that social learning was blocked in female mice microinfused with 6 μg/μl, and in males infused with 1, 4, or 6 μg/μl of SCH23390. This social learning impairment could not be explained by changes in total food intake, or olfactory discrimination. A detailed analysis of the social interactions also revealed that although SCH23390 did not affect oronasal investigation for either sex, drug treatments affected other social behaviors in a sex-specific manner; there was primarily a reduction in agonistic-related behaviors among males, and social investigatory-related behaviors among females. Thus, this study shows that dorsal hippocampal D1-type receptors mediate social learning and social behaviors in male and female mice.
INTRODUCTION
Social learning refers to 'learning that is influenced by observation of, or interaction with, another animal (typically a conspecific) or its products (such as odor cues; Box, 1984; Galef, 1988; Heyes, 1994) . Social learning has been reported in various species/taxa, and is an adaptive and important biological phenomenon (Hoppitt and Laland, 2013) , as it enables an animal to use the 'expertise of others' (Russon, 1997) to potentially circumvent some of the costs that may be associated with trial-and-error individual learning. One way to examine social learning in the laboratory is with the social transmission of food preferences (STFP; Galef et al, 1984) in which an observer (OBS) animal interacts with a same-sex demonstrator (DEM) conspecific that has just consumed a novel food. If social learning occurs during the social interaction, the OBS will show a preference for the DEM food type in a subsequent test. The STFP depends on the OBS detecting the scent of the food mixed with carbon disulfide (CS 2 ), a semiochemical found in exhaled air on the breath of the DEM , that is detected by CS 2 -selective olfactory neurons in the rodent olfactory epithelium (Arakawa et al, 2013; Munger et al, 2010) . Oronasal investigation (sniffing the mouth/face area) is therefore necessary for social learning in the STFP in both mice (Valsecchi and Galef, 1989) and rats (Galef and Stein, 1985) .
Brain regions that are involved in the STFP include the basal forebrain and frontal, piriform and orbitofrontal cortices; gonadal hormones such as estrogens/progesterone, and several neurochemical systems, including the oxytocin/ vasopressin, cholinergic, opioid, and glutamatergic system have also been shown to regulate the STFP (reviewed in Choleris et al, 2009; Ervin et al, 2015; Matta et al, 2016) . In addition, the neurotransmitter dopamine (DA) has been found to mediate social learning in the STFP (Choleris et al, 2011) . When female mice were systemically administered a D1-type (D1/D5) receptor antagonist (SCH23390) before the social interaction in the STFP, social learning was impaired, without total food intake being affected (Choleris et al, 2011) . Conversely, a D2-type (D2/D3/D4) receptor antagonist (Raclopride) had no effect on social learning; however, it reduced the total amount of food consumed (Choleris et al, 2011) . Furthermore, DA transporter knockout (DAT KO) OBS mice are impaired in their ability to socially learn a food preference (Wong et al, 2012) , or they even prefer to eat the food not consumed by their DEM (Rodriguiz et al, 2004) . Collectively, these studies suggest a role for the DAT and D1-type receptors in social learning in the STFP. However, the specific brain region(s) of D1-type receptor action remain unknown.
Dopaminergic neurons in the ventral tegmental area (VTA) project to many limbic structures, including the hippocampus (McNamara et al, 2014; Wise, 2004 )-a brain region that has been implicated in the STFP (Bunsey and Eichenbaum, 1995; Clark et al, 2002; Countryman and Gold, 2007) . Pharmacological investigations show that dorsal hippocampal D1-type receptors are involved in various nonsocial types of learning (reviewed in Hansen and Manahan-Vaughan, 2014) . D1-type receptors in the dorsal hippocampus also contribute to the encoding of novel/motivationally relevant information that is processed by the VTA-hippocampal dopaminergic loop (Lisman and Grace, 2005; Otmakhova and Lisman, 1996; Rossato et al, 2009) . It can thus be hypothesized that D1-type receptors in the dorsal hippocampus may mediate social learning in the STFP.
The objective of this study was to assess whether dorsal hippocampal administration of SCH23390 before the social interactions would block social learning in male and female mice. Possible secondary effects of drug treatment on food intake and olfactory discrimination were also assessed. In addition, a detailed behavioral analysis was conducted on the social interactions during the STFP (Clipperton et al, 2008) to determine whether SCH23390 effects on social learning were associated with effects on various social and nonsocial behaviors. Finally, given the strong role of estrogens in mediating social learning in the STFP in mice (Ervin et al, 2015) , and the established effects of estrogens/progesterone in regulating the mesolimbic DA system (Thompson and Moss, 1997) , we also monitored the female estrous cycle, and assessed sex differences.
MATERIALS AND METHODS

Animals
Male and female CD-1 mice (Mus musculus) were obtained from Charles River (St Constant, QC, Canada) at 2 to 3 months of age. All cages (polyethylene; 26 × 16 × 12 cm 3 ) contained corncob bedding, plastic shelters, and paper material (environmental enrichment), ad libitum rodent chow (Teklad Global 14% Protein Rodent Maintenance Diet, Harlan Teklad, Madison, WI), and tap water. Mice were kept on a reversed 12 : 12 h light/dark cycle (lights off at 0800 h). For the STFP, DEMs were reused (∼9-14 times), whereas all OBSs and mice used in the olfactory discrimination task (ODT) were experimentally naive. See Supplementary Information for details on housing conditions. The University of Guelph Institutional Animal Care and Use Committee permitted all experimental procedures that were in line with the guidelines of the Canadian Council on Animal Care.
Surgeries
To ensure the hormonal status of DEMs did not influence the social learning of OBSs, all DEMs were gonadectomized. All OBSs and mice used in the ODT had bilateral cannulae inserted into their dorsal hippocampi, but were left gonadally intact to examine hormonal effects on social learning (Choleris et al, 2011; Clipperton et al, 2008; SanchezAndrade et al, 2005) and/or olfactory discrimination. See Supplementary Information for details of surgical procedures.
Diets
Ground rodent food was flavored with either 1% ground cinnamon (CIN; McCormick Ground Cinnamon, McCormick Canada, London, Canada) or 2% powdered cocoa (COC; Fry's Premium Cocoa, Cadbury, Mississauga, Canada). CD-1 mice from Charles River (Quebec) find these two flavored diets equally palatable (Choleris et al, 2011; Clipperton et al, 2008) .
Drug
The D1-like receptor antagonist SCH23390 hydrochloride (Hyttel, 1983 ; Tocris Biosciences, Ellisville, MO) was dissolved in sterile saline solution (0.9% NaCl).
Experimental Procedures
Full details of all procedures are in Supplementary Information. Briefly, phases of the estrous cycle were determined by taking vaginal smears at the end of the STFP and ODT on the day of testing. Mice were acclimatized to the testing room and food deprived 12-14 h before testing in the STFP and ODT.
STFP. Same-sex OBS-DEM dyads were pair housed (with perforated steel cage dividers) for at least 3 days before testing. Early in the dark (active) phase of the light cycle under red light, DEMs were moved into a clean cage for 1 h, and were allowed to eat either a CIN or COC diet. DEMs had to consume at least 0.1 g of flavored food to be used (n = 7 mice were removed; see Figures 2 and 3 for final sample sizes). After feeding, DEMs were put back into their home cages with their respective OBSs, where dyads were allowed to socially interact freely for 30 min. All social interactions (where social learning occurs) were video recorded from above through clear Plexiglas lids. Following the social interactions, OBSs were placed into the choice test chambers for 8 h with continuous access to both CIN and COC, and water ad libitum. Feeders were weighed at 1, 2, 4, 6, and 8 h on a scale precise to 0.01 g (Sartorius, UK).
At 15 min before the start of the social interactions, each OBS received an intrahippocampal microinfusion of either SCH23390 (at one of four doses: 1, 2, 4, or 6 μg/μl) or saline solution (0.9% NaCl). See Supplementary Information for choice of SCH23390 doses and time delay. The microinjection volume was 0.5 μl (per hemisphere) and the flow rate was 0.2 μl/min (PHD 2000 injector; Harvard Apparatus, QC, Canada).
Social interaction videos were scored (The Observer Video software; Noldus Information Technology, Wageningen, The Netherlands) by a trained researcher blind to the OBS treatment group. Only the OBS behaviors were scored for various social and nonsocial behaviors (Supplementary Tables S1  and S2) , including general activity, sociability, aggression, exploration, solitary behaviors, and oronasal investigationthat is crucial for the STFP (Clipperton et al, 2008 ).
ODT. We tested whether the social learning impairment found in the STFP was due to changes in olfactory discrimination between COC and CIN (the two diets used in the STFP choice test). In their home cage, for four habituation phases, mice were presented with two meshed mason jars, each containing 15 g of the same diet (ie, either CIN or COC). During the test phase, one jar contained the previously encountered (familiar) diet, and the other a novel diet. Each phase was 5 min long, with ∼ 1 min in between.
The time that mice spent investigating (sniffing, within 1-2 mm) the meshed area of each food-containing jar was recorded by a trained investigator quietly standing 1 m away with two stopwatches.
As in the STFP procedures, 15 min before the first habituation phase, mice received an intrahippocampal microinfusion of either saline solution or SCH23390 at 6 μg/μl, the highest dose that blocked the STFP in both sexes.
Histology. Mice received an intrahippocampal microinfusion of 1% Chicago blue dye (in phosphate-buffered saline) at the end of all experimental procedures, and brains were extracted 45 min after dye infusion. Hippocampal injector placements were assessed from coronal sections (as shown in Supplementary Figures S1 and S2). Similar to previous work (Phan et al, 2015) , the dye was largely confined to the dorsal hippocampus (as shown in Supplementary Figure S3 ). Two mice with off-target cannulae were removed from all analyses. An analysis of the data from animals with offtarget cannulae revealed no significant effect of treatment.
Data handling. For STFP data, a percent of CIN diet consumed by OBSs at 1, 2, 4, 6, and 8 h was calculated (CIN/ (CIN+COC) × 100). A statistically significant difference between the CIN preferences of OBSs that had a CIN-fed DEM versus OBSs that had a COC-fed DEM is indicative of a socially learned food preference in a group. In addition, a percent of DEM diet (DEM/(DEM+NONDEM) × 100) was calculated to compare social learning across different treatment groups. Total food intake was also calculated (CIN+COC). When an OBS mouse does not consume enough of the two flavored diets (0.1 g of food) it speaks to their interest in flavored diets and not to social learning; for this reason, when an OBS mouse did not consume a minimum of 0.1 g of food at a particular time point, we did not calculate a preference score for them, neither the CIN preference nor the DEM preference score. For ODT data, a percent of novel diet investigation (NDI) was calculated ((time investigating novel diet/total time investigating both diets) × 100) for every mouse for all phases. An average NDI value of the four habituation phases was then calculated for each mouse, predicted to be ∼ 50% (chance) for the identical diets. As mice prefer to investigate novel stimuli more than familiar ones (Choleris et al, 2003) , mice that can discriminate between the two diets show significantly higher NDI during test than habituation. Total flavor investigation was also calculated.
All ratio data were arcsin-transformed before being analyzed (as ratios violate the assumption of homogeneity of variance), although all graphs display the original ratio data for ease of interpretation.
Statistical Analyses
STFP CIN and DEM preference scores were analyzed with mixed model analyses of variance (ANOVAs). CIN and DEM diet preference ratios were only calculated if OBSs had consumed at least 0.1 g of food at each time point. This resulted in some empty cells at some time points that caused data from a number of animals to be completely eliminated in the repeated measures (RM) ANOVA overall models. Thus, the CIN and DEM preference data were also analyzed at each separate time point. Independent samples t-tests compared the CIN preferences of OBSs with COC DEMs with OBSs with CIN DEMs for each sex and treatment group. Similarly, independent samples t-tests compared the DEM food preferences of each SCH23390 group and sex with saline-infused control mice. One-sample t-tests were also conducted to compare the DEM preference scores to 50% (chance) for each sex and treatment group.
STFP total intakes, ODT total investigation, and NDI data were analyzed with mixed model ANOVAs. Planned paired samples t-tests compared the averaged NDI habituation values to the test NDI values.
Duration, frequency, and latency data of single and grouped behaviors from the social interactions were analyzed with mixed model ANOVAs, or with nonparametric tests (Kruskal-Wallis and Mann-Whitney U) when normality could not be attained through ln transformation. Planned independent samples t-tests compared saline-with SCH23390-infused mice for each sex.
Separate ANOVAs were also run on female data to include the phase of the estrous cycle as a between-groups variable. In addition, in all models, comparisons between salineinfused males versus females assessed for baseline sex differences.
Binary a priori mean comparisons were planned for all models to increase power and decrease the risk of type II errors. In addition, an overall ANOVA was conducted to reduce the risk of type I errors. According to Rosenthal and Rosnow (1991) , this 'protected t-tests' approach is the most reasonable or 'ideal' solution when conducting multiple t-tests. The post hoc multiple comparisons (Bonferroni and other such highly conservative corrections) were not used in this study because of their likelihood of increasing type II errors above tolerable levels (Nakagawa, 2004) . All mean comparisons were planned for the early time points of the choice test, where food preferences are strongest, and usually affected by drug treatment (Choleris et al, 2011; Clipperton et al, 2008) .
The Greenhouse-Geisser RM correction was employed. Statistical significance was set to po0.05. Unless otherwise meaningful, only results that are statistically significant are reported. Analyses were performed using SPSS (v.20; IBM, Armonk, NY). See Supplementary Information for more details on statistical analyses.
RESULTS
Social Learning Study: Effects of Intrahippocampal SCH23390 on Behavior During the Social Interactions
See Supplementary Information for a detailed report of these results. Importantly, SCH23390 did not affect oronasal investigation durations for either females or males (as shown in Figure 1a and b) . Thus, the social learning impairment described below cannot be directly explained by a reduced exposure to the socially carried food odor found on the breath of the DEM (Supplementary Tables S3 and S4 ). In addition, SCH23390 reduced overall activity for both sexes that was partly attributed to a reduction in nonsocial active behaviors (eg, horizontal/vertical exploration) and a paralleled increase in time spent engaging in nonsocial inactive behaviors (eg, solitary inactivity). Interestingly, SCH23390 affected some social behaviors in a sex-dependent manner: for males, there was mainly a reduction in agonistic behaviors (eg, overt aggression), whereas for females, there was mainly a reduction in social investigatory behaviors (eg, body investigation). Notably, SCH23390 reduced the dominance scores of both sexes (ie, OBSs were more subordinate toward their DEMs).
Social Learning Study: Intrahippocampal SCH23390 Blocks Social Learning and Reduces the Strength of Food Preferences without Affecting Food Intake in Males and Females
The CIN preference scores revealed that female social learning was blocked by 6 μg/μl of SCH23390, whereas male social learning was blocked by 1, 4, and 6 μg/μl of SCH23390 (as shown in Figure 2 ). Consistent with this, the DEM preference scores of both females and males infused with 1, 4, or 6 μg/μl of SCH23390 were significantly lower than the saline-infused control mice of the same sex (as shown in Figure 3 ). Intrahippocampal SCH23390 did not affect total food intake for either sex (as shown in Figure 4) .
The RM ANOVA conducted on the CIN preferences of all OBSs showed a significant time × treatment (F(16, 400) = 1.84, p = 0.025), time × DEM food (F(4, 400) = 3.62, p = 0.007), and treatment × DEM food interaction (F(4, 100) = 3.15, p = 0.018), and main effects of treatment (F(4, 100) = 6.33, po0.001) and DEM food (F(1, 100) = 21.05, po0.001).
Independent samples t-tests comparing the CIN preferences of OBSs with CIN versus COC-fed DEMs (for each sex and time point) revealed that SCH23390 impaired social learning in both males and females. Specifically, in the first hour, there was a significant difference between the CIN preferences of OBSs with CIN versus COC-fed DEMs for saline-infused females (t(15) = 4.38, p = 0.001) and males (t(18) = 6.59, po0.001), females infused with 1 μg/μl (t(18) = 2.72, p = 0.014), and females (t(14) = 3.79, p = 0.002) and males (t(15) = 2.61, p = 0.02) infused with 2 μg/μl of SCH23390. In the second hour, there was a significant difference between the CIN preferences of OBSs with CIN versus COC-fed DEMs for saline-infused females (t(15) = 2.27, p = 0.039) and males (t(18) = 3.73, p = 0.002), females infused with 1 μg/μl (t(18) = 2.42, p = 0.026), and females (t(20) = 2.19, p = 0.04) and males (t(15) = 2.94, p = 0.010) infused with 2 μg/μl of SCH23390. In the fourth hour, there was still a significant difference between the CIN preferences of OBSs with CIN versus COC-fed DEMs for saline-infused females (t(20) = 2.32, p = 0.031) and males (t(19) = 2.47, p = 0.023), and also females infused with 4 μg/μl of SCH23390 showed a significant preference for their DEM food (t(22) = 2.07, p = 0.050). Finally, in the eighth hour of the choice test, there was a significant difference between the CIN preferences of OBSs with CIN versus COC-fed DEMs for females infused with 4 μg/μl of SCH23390 (t(14) = 2.37, p = 0.033). Importantly, there was no significant effect of the DEM food on the CIN preferences of the OBS females infused with 6 μg/μl, and males infused with 1, 4, and 6 μg/μl of SCH23390 at any time points (as shown in Figure 2 ), indicating that intrahippocampal SCH23390 blocked the STFP at these doses.
The RM ANOVA conducted on the percent of DEM food consumed by OBSs showed a significant main effect of time (F(4, 440) = 4.201, p = 0.002) and treatment (F(4, 110) = 3.06, p = 0.02). Mixed-model ANOVAs also showed a significant main effect of treatment in the first hour of testing for both females (F(4, 87) = 3.82, p = 0.007) and males (F(4, 84) = 2.50, p = 0.048). Importantly, planned independent samples t-tests further showed that in the first hour of the choice test, both females (saline versus 1 μg/μl: t(35) = 2.13, p = 0.040; saline versus 4 μg/μl: t(34) = 3.13, p = 0.004; saline versus 6 μg/μl: t(35) = 2.99, p = 0.005; as shown in Figure 3 ) and males (saline versus 1 μg/μl: t(36) = 2.59, p = 0.014; saline versus 4 μg/μl: t(31) = 3.25, p = 0.003; saline versus 6 μg/μl: t(37) = 2.41, p = 0.021; as shown in Figure 3 ) infused with 1, 4, or 6 μg/μl of SCH23390 had a significantly lower preference for their DEM diet than saline-infused OBS control mice (of the same sex). Planned independent samples Figure 1 Oronasal investigation durations (in s) of female (a) and male (b) observer (OBS) mice during the social interactions with their respective same-sex demonstrator (DEM) in the social transmission of food preferences (STFP) study. OBSs were administered a single dorsal hippocampal infusion of either saline vehicle (n = 25 for females and n = 23 for males) or the D1-type receptor antagonist SCH23390 at 1 μg/μl (n = 25 for females and n = 23 for males), 2 μg/μl (n = 25 for females and n = 22 for males), 4 μg/μl (n = 25 for females and n = 23 for males), or 6 μg/ μl (n = 26 for females and n = 23 for males) 15 min before a 30 min social interaction with a same-sex DEM conspecific that recently ate either a 1% cinnamon (CIN) or a 2% cocoa (COC) diet. SCH23390 treatment did not significantly affect either female (a) or male (b) oronasal investigation durations. Data are presented as mean+SEM.
Hippocampal DA D1-type receptors and social learning Figure 2 The percent of cinnamon (CIN) diet (CIN diet eaten divided by the total amount of food eaten) for female (a, c, e, g, i) and male (b, d, f, h, j) observer (OBS) mice that were administered a single dorsal hippocampal infusion of either saline vehicle (a, b) or the D1-type receptor antagonist SCH23390 at 1 μg/μl (c, d), 2 μg/μl (e, f), 4 μg/μl (g, h), or 6 μg/μl (i, j) 15 min before a 30 min social interaction (where social learning occurs) with a same-sex demonstrator (DEM) conspecific that recently ate either a 1% CIN (white squares) or a 2% cocoa (COC; black circles) diet. CIN preference scores are shown at 1, 2, 4, 6, and 8 h into the OBS choice test. Data are presented as mean ± SEM. The n reported in the figures reflect the number of OBS mice per group. *po0.05, **po0.01, ***po0.001 in comparison between OBS mice that interacted with a CIN-fed DEM versus OBS mice that interacted with a COC-fed DEM. Figure 3 The percent of demonstrator (DEM) diet (DEM diet eaten divided by the total amount of food eaten) for female (a, c, e, g, i) and male (b, d, f, h, j) observer (OBS) mice that were administered a single dorsal hippocampal infusion of either saline vehicle (a, b; white circles) or the D1-type receptor antagonist SCH23390 at 1 μg/μl (c, d; black triangles), 2 μg/μl (e, f; black circles), 4 μg/μl (g, h; black squares), or 6 μg/μl (i, j; black diamonds) 15 min before a 30 min social interaction (where social learning occurs) with a same-sex DEM conspecific that recently ate either a 1% cinnamon (CIN) or a 2% cocoa (COC) diet. DEM preference scores are shown at 1, 2, 4, 6, and 8 h into the OBS choice test. Data are presented as mean ± SEM. The n reported in the figures reflect the number of OBS mice per group. *po0.05, **po0.01 in comparison between OBS mice that were infused with saline versus OBS mice that were infused with SCH23390 (for each sex).
# po0.05, ## po0.01, ### po0.001 in comparison with 50% (chance).
t-tests also revealed that in the fourth hour of the choice test, females infused with 1 μg/μl of SCH23390 had a significantly lower preference for their DEM diet (t(41) = 2.57, p = 0.014) than saline-infused OBS female mice (as shown in Figure 3c ). One-sample t-tests comparing the DEM preference scores with 50% (chance) further revealed that in the first and second hours of the choice test, OBS females (1 h: t(16) = 4.51, po0.001; 2 h: t(16) = 2.30, p = 0.035) and males (1 h: t(18) = 6.00, po0.001; 2 h: t(19) = 3.57, p = 0.002) infused with saline, females infused with 1 μg/μl (1 h: t(19) = 2.47, p = 0.023; 2 h: t(19) = 2.53, p = 0.02), and females (1 h: t(15) = 3.93, p = 0.001; 2 h: t(21) = 2.15, p = 0.044) and males (1 h: t(16) = 2.58, p = 0.02; 2 h: t(16) = 2.46, p = 0.026) infused with 2 μg/μl of SCH23390 had significantly higher DEM preference scores than 50%. In the fourth hour of the choice test, OBS females (t(21) = 2.37, p = 0.027) and males (t(20) = 2.34, p = 0.03) infused with saline still had DEM preference scores significantly higher than chance levels. Finally, OBS females infused with 4 μg/μl of SCH23390 had significantly higher DEM preference scores (t(15) = 2.42, p = 0.029) than 50% (chance) in the eighth hour. Notably, the DEM preference scores of males infused with 1 and 4 μg/μl, and females and males infused with 6 μg/μl of SCH23390 were not significantly different than 50% at any time points (as shown in Figure 3) . Thus, the preference for the DEM diet displayed by SCH23390-infused female and male OBS mice was weaker than that of control saline-infused OBS mice, and not different than 50% (chance), directly demonstrating an impairing effect of intrahippocampal SCH23390 on social learning. The ANOVA conducted on the total food intakes of all OBSs revealed a significant main effect of time (F(4, 920) = 87.49, po0.001), but no significant main effect of treatment or sex, and no interactions. Consistently, separate ANOVAs conducted on only females or males revealed no significant main effect of treatment and no interactions (as shown in Figure 4a and b) . Hence, the social learning impairment due to intrahippocampal SCH23390 could not be directly explained by general changes in feeding behavior.
Olfaction Control Study: Intrahippocampal SCH23390 Does Not Affect Male or Female Olfactory Discrimination
See Supplementary Information for a detailed report of these results. Briefly, females and males (as shown in Supplementary Figure S13a and b) infused with SCH23390 at the highest dose (6 μg/μl) that also blocked social learning could discriminate between the two diets used in the choice test in the STFP. Thus, the social learning impairment was not due to SCH23390 impairing olfactory discrimination.
DISCUSSION
This study found that intrahippocampal SCH23390 blocks social learning in both males and females, and affects social behaviors in a sex-specific manner, without affecting food intake, oronasal investigation, or olfactory discrimination. These results are in agreement with our previous work using systemic treatments (Choleris et al, 2011) , and find the dorsal hippocampus as a site of action underlying those effects.
A detailed behavioral analysis of the social interactions (see Supplementary Information for detailed discussion of the full results) revealed that the social learning impairment found in this study cannot be directly explained by a reduced exposure to the socially carried food odor found on the breath of the DEM, as the OBS oronasal investigation durations (as shown in Figure 1) were not affected by intrahippocampal SCH23390 in either sex. These results are in line with those of our previous study with systemic treatments that found the doses of SCH23390 that impaired social learning did not affect oronasal investigation (Choleris et al, 2011) .
We cannot directly rule out the possibility that reduced generalized arousal (Calderon et al, 2016) may have contributed to the social learning impairment, possibly by reducing the interest expressed by the OBS toward the DEM conspecific. In addition, it is possible that the salience of the olfactory cues being emitted by the DEM may be reduced by reduced general arousal. To the best of our knowledge, no study to date has shown that reduced arousal can directly suppress social learning, or that arousal can directly mediate the later food preference of OBSs. The involvement of arousal in social learning remains a question for future investigations.
Our results identify the dorsal hippocampus as a structure that can mediate socially acquired food preferences through Figure 4 The total food intake (1% cinnamon (CIN) diet+2% cocoa (COC) diet) for female (a) and male (b) observer (OBS) mice that were administered a single dorsal hippocampal infusion of either saline vehicle (white circles; n = 25 for females and n = 23 for males) or the D1-type receptor antagonist SCH23390 at 1 μg/μl (black triangles; n = 25 for females and n = 23 for males), 2 μg/μl (black circles; n = 25 for females and n = 22 for males), 4 μg/μl (black squares; n = 25 for females and n = 23 for males), or 6 μg/μl (black diamonds; n = 26 for females and n = 23 for males) 15 min before a 30 min social interaction (where social learning occurs) with a same-sex demonstrator (DEM) conspecific that recently ate either a CIN or COC diet. Total food intakes are shown at 1, 2, 4, 6, and 8 h into the OBS choice test. SCH23390 treatment did not significantly affect either female (a) or male (b) total food intakes. Data are presented as mean ± SEM.
D1-type receptors, and extends to social learning previous intrahippocampal SCH23390 findings with nonsocial types of learning, and genetic studies using D1 KO mice investigating spatial learning, fear conditioning, and inhibitory and passive avoidance learning, all showing an involvement of dorsal hippocampal D1-type receptors (reviewed in Hansen and Manahan-Vaughan, 2014 ). Our findings therefore suggest similar underlying dopaminergic mechanisms for social and nonsocial learning.
Based on a model offered by Hansen and ManahanVaughan (2014) , we propose that antagonizing hippocampal D1-type receptors with SCH23390 may have prevented the threshold for novel information (novel diet odor emitted by the DEM) entry into the dorsal hippocampus from being reached (Floresco et al, 2003; Lemon and ManahanVaughan, 2011) . DA is released in the mouse hippocampus after encountering novel stimuli (Ihalainen et al, 1999) , and dorsal hippocampal D1-type receptors are strongly involved in the processing of motivationally relevant novel information (Lisman and Grace, 2005; Otmakhova and Lisman, 1996; Rossato et al, 2009) . Alternatively, the threshold may have been met, but the signal may have never left the hippocampus, and therefore did not arrive to intermediate structures such as nucleus accumbens (NAc)/ventral palladium-that have both been implicated in the integration of novel information signaling (Lisman and Grace, 2005) . The above-mentioned intermediate structures were therefore unable to finally act on the VTA that is ultimately involved in establishing the formation of a hippocampal-dependent engram via increased hippocampal DA release (Hansen and Manahan-Vaughan, 2014; Lisman and Grace, 2005) . Thus, dorsal hippocampal DA may foster the STFP by enhancing the novelty/salience of the olfactory stimulus (through D1-type receptors) and this in turn promotes learning of a new food preference.
Many studies have investigated D1-type receptors in mesocorticolimbic brain regions in individually acquired food preferences for highly palatable sweet foods. For example, antagonizing D1-type receptors in the medial prefrontal cortex (mPFC), amygdala, NAc, or hypothalamus blocks the acquisition, but not the expression, of a glucoseconditioned flavor preference (see Sclafani et al, 2011) , as well as fructose-conditioned flavor preferences (Amador et al, 2014; Bernal et al, 2008; Malkusz et al, 2012) . The current results further suggest the dorsal hippocampus can regulate dopaminergic effects on socially acquired food preferences similarly to other already identified brain regions. The STFP is a distinctly social form of learning that has been suggested to be analogous to associative conditioning (Heyes and Durlach, 1990) . Whether or not these results on social learning extend to conditioned food preferences that are not acquired socially remains to be determined. Consistent with our previous findings with systemic treatments (Choleris et al, 2011) , this study found that intrahippocampal SCH23390 did not affect total food intake (as shown in Figure 4) . These results are also in agreement with other studies reporting no effects of D1-type receptor antagonism in the orbitofrontal cortex (Cetin et al, 2004) , lateral hypothalamus (Chen et al, 2014) , dorsal mPFC (Nair et al, 2011) , or NAc (Baldo et al, 2002) on food intake. Hence, dorsal hippocampal D1-type receptors regulate socially transmitted food preferences, but not feeding behavior in the STFP per se.
An ODT control study showed that in both female and male mice (as shown in Supplementary Figure S13a and b) , intrahippocampal infusions of SCH23390 at the highest dose that blocked the STFP did not prevent the discrimination between the two diets used in the social learning test. Hence, the social learning impairment found in this study cannot be directly explained by any changes in olfactory discrimination, in agreement with our previous study showing no effects of SCH23390 on COC/CIN discrimination after systemic treatments (Choleris et al, 2011) .
Female social learning was only blocked by the highest dose of SCH23390 (6 μg/μl), whereas male social learning was blocked by the lowest (1 μg/μl) and two highest doses (4 and 6 μg/μl) of SCH23390 (as shown in Figure 2) . Hence, although intrahippocampal SCH23390 blocked social learning in both sexes, females were somewhat less affected by drug treatment than males. These results are in agreement with literature showing female gonadal steroids (estrogens/ progesterone) may have a neuroprotective effect on females (Brann et al, 2007; Wise et al, 2005) and promote learning (Phan et al, 2015) . In addition, we found no interaction between the estrous cycle with intrahippocampal SCH23390 effects on either social learning or food intake. This was unexpected as the estrous cycle regulates the STFP and feeding in mice (Choleris et al, 2011) . These findings are likely because of the small number of females at a given phase of the estrous cycle for each dose (Supplementary  Table S5 ). Further research on the interaction between gonadal steroids and the dopaminergic system and their effects on social learning and feeding behavior is therefore warranted.
Collectively, this study found that dorsal hippocampal D1-type receptors mediate social learning and social interactions but not food intake in male and female mice. It may be useful for future studies on the neurobiology of social learning to investigate the role of D2-type receptors, and the possible involvement of other DA-dependent brain regions, such as the NAc, VTA, substantia nigra, or amygdala. Ultimately, this research may have implications for understanding abnormalities in the functioning of the social brain.
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